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Staphylococcus aureusStaphylococcus aureus accessory gene regulator (agr) locus controls the expression of virulence factors through
a classical two-component signal transduction system that consists of a receptor histidine protein kinase AgrC
and a cytoplasmic response regulator AgrA. An autoinducing peptide (AIP) encoded by agr locus activates
AgrC, which transduces extracellular signals into the cytoplasm. Despite extensive investigations to identify
AgrC–AIP interaction sites, precise signal recognition mechanisms remain unknown. This study aims to clarify
the membrane topology of AgrC by applying the green ﬂuorescent protein (GFP) fusion technique and the
substituted cysteine accessibilitymethod (SCAM). However, our ﬁndingswere inconsistentwith proﬁle obtained
previously by alkaline phosphatase. We report the topology of AgrC shows seven transmembrane segments, a
periplasmic N-terminus, and a cytoplasmic C-terminus.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Staphylococcus aureus is a versatile pathogenic bacterium that causes
many acute and chronic infections throughout the world [1–3]. The
pathogenicity of S. aureus primarily depends on a number of virulence
factors, including cell wall-associated proteins involved in the attach-
ment of the bacteria to host cells and protecting the bacteria against
host defenses and secreted proteins to attack host cells and interfere
with immune responses [4,5]. The expression of these virulence factors
is primarily orchestrated by a quorum-sensing system encoded by the
global regulatory locus, the accessory gene regulator (agr). The agr
locus is known to contain two divergent transcripts known as RNAII
and RNAIII, whose transcription is driven by the action of the P2 and
P3 promoters, respectively. The RNAIII functions as a regulator that con-
trols the expression of virulence factor genes, while the divergently
transcribed RNAII is an operon containing four genes, agrBDCA, which
encodes the core components of the quorum-sensing system [6–9]. In
the agr operon, the proteins AgrB and AgrD are essential for production
of the signal molecule, autoinducing peptide (AIP) [10,11], while AgrA
and AgrC constitute a two-component system that is activated through
an interaction of between AgrC and AIP. AgrC is a sensor kinase ofDalian Nationalities University,
116600, China. Tel.: +86 411
ng), mikyeken@dlnu.edu.cn
29@hotmail.com (X. Qu),
ights reserved.the classic two-component signal transduction system. The N-terminal
polytopic transmembrane sensor domain of AgrC interacts with AIP,
while the C-terminal histidine kinase domain is a transmitter that is
autophosphorylated at a conserved histidine upon stimulation by the
signal molecule [12,13].
In previous studies, Geisinger et al. and Jensen et al. found that
various amino acid residuesmay be important for AgrC–AIP recognition
[14–16]. George Cisar et al. proposed that AgrCmay function as a homo-
dimer, but do not exclude the possibility of the existence of higher-
order oligomers [17]. AgrC belongs to a typical member of the class 10
receptor-histidine protein kinase (HPK) [18]; however, the 3D struc-
tures of HPK10 kinases have not yet been resolved. Determination of
the membrane topology model representing the number of transmem-
brane segments (TMSs) and their orientations is an important ﬁrst step
in understanding the structure/function relationships of a membrane
protein. AgrC is predicted to consist of six to seven TMSs depending
on the prediction algorithms used. The topology predictions vary,
in particular for the N-terminal region of the protein which contains
the sensory domain. Lina et al. reported that AgrC possesses ﬁve TMSs
according to alkaline phosphatase (phoA) fusion studies [12]. Their
results showed that amino acid residue 33 is outside, suggesting that
the ﬁrst predicted TMS and the N-terminus of AgrC are also outside.
However, these hypotheses have not been examined in detail. Addi-
tionally, the second and third TMS positions have not yet been re-
solved. To further understand the functional mechanism of AgrC in
signal transmission, it is necessary to determine the structural ele-
ments of the protein, such as orientation in the membrane and the
number of TMSs.
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ﬂuorescent protein (GFP) were used. GFP only ﬂuoresces when located
in the cytoplasm of bacteria [19]. Thus, amodel for the topology of TMSs
and hydrophilic loops was accomplished by using reporter GFP fused to
different regions of themembrane protein. However, these large fusions
may have led to some altered membrane arrangements; therefore, we
employed a mapping technique known as the substituted cysteine
accessibility method (SCAM), which produces fewer structural pertur-
bations [20–23]. GFP fusion experiments together with SCAM revealed
a consistent model for AgrC topology. Our ﬁndings complement earlier
studies of AgrC topology and, in combination with these prior results,
we unambiguously establish a 7-TMS topological structure for AgrC.
2. Materials and methods
2.1. Construction of pAgrC–GFP and cysteine mutants of AgrC
Plasmids pAgrC–GFPwere constructed using restriction-free cloning
[24,25]. Cysteine mutants and the histidine mutant of AgrC were
constructed by PCR using the QuickChange Site-Directed Mutagenesis
Kit (Stratagene, La Jolla, CA, USA). All of the primers used in this study
are listed in Supplementary Tables S1 and S2. Plasmid pET-28a-AgrC
was used as a template. The integrity of all fusion constructs and site-
directed mutagenesis was veriﬁed by nucleotide sequencing.
2.2. Cysteine labeling of AgrC
Escherichia coli C43(DE3) cells harboring pET-28a-AgrC vectors carry-
ing the indicated mutation sites were induced with 0.1 mM isopropyl-β-
D-1-thiogalactopyranoside (IPTG). Cells were washed twice and resus-
pended in ice-cold phosphate-buffered saline (PBS), pH 7.4. Cysteines
were labeled with 100 μM or 500 μM 5-iodoacetamidoﬂuorescein (5-
IAF, Invitrogen, Carlsbad, CA, USA), which is a ﬂuorescent membrane-
impermeable thiol-reactive reagent. Iodoacetamides primarily react
with sulfhydryl groups to form stable thioether bonds at physiological
pH and at room temperature or below. Cells were incubated with 5-IAF
for 30 min at room temperature and excess 5-IAF was quenched by
adding 10 mM dithiothreitol (DTT). After incubation, cells were washed
ﬁve times with PBS buffer pH 7.4, and disrupted by sonication. AgrC
was puriﬁed using immobilized metal afﬁnity chromatography (IMAC)
and size exclusion chromatography (SEC) as described by Wang et al.
[26]. Subsequently, samples puriﬁed were loaded onto a 12% SDS-
polyacrylamide gel electrophoresis (SDS-PAGE). Following electrophore-
sis, in-gel ﬂuorescence was recorded using the UVP GelDoc-It Imaging
System (Upland, CA, USA).
2.3. Western blotting analysis
All the samples were resolved on standard 12% SDS-PAGE. Proteins
were transferred to polyvinylidene diﬂuoride membranes. The mem-
branes were blocked with 5% dry milk in PBST (PBS containing 0.5%
Tween 20, pH 7.4) for 3 h and probed for 2 h with a rabbit anti-His
antibody (Sigma-Aldrich, St. Louis, MO, USA) at a dilution of 1:10,000
in PBST containing 5% dry milk. After ﬁve washes with PBST, mem-
branes were incubated for 2 h on a shaker with Rabbit-anti-Mouse
horseradish peroxidase (HRP)-conjugated secondary antibody (Sigma-
Aldrich, St. Louis, MO, USA) in PBST at a 1:10,000 dilution. After ﬁve
additional washeswith PBST, the blotswere developedwith Amersham
ECL Plus reagent (GE Health-care, Little Chalfont, UK) and exposed to
autoradiography ﬁlm.
2.4. GFP ﬂuorescence
C43(DE3) cells harboring the indicated pAgrC–GFP plamidswith var-
ious fusion points were induced using 0.1 mM IPTG at 20 °C for 24 h.
Cells were washed once and resuspended in PBS, pH 7.0. Resuspendedcells were crushed through a High Pressure Homogenizer (JN-3000
PLUS) at a pressure of 1000 bar at least three times at 4 °C. Lysed cells
were subjected to centrifugate at 24,000 ×g for 20 min at 4 °C to re-
move unbroken cells and debris. The membranes were pelleted by ul-
tracentrifugation at 300,000 ×g for 1 h and then resuspended in PBS.
Fluorescence of the whole cells and cell membranes was measured
with a ﬂuorescence spectrophotometer (BioTek, Winooski, VT, USA)
using an excitation wavelength of 485 nm and an emission wavelength
of 510 nm. For each sample, the background ﬂuorescence of the cells car-
rying the empty vector plasmid was subtracted. Experiments were per-
formed in triplicate.
2.5. Autophosphorylation assays
The intrinsic kinase activity of single-cysteine-substituted AgrC
mutants was measured by quantitating the amount of adenosine
5′-triphosphate (ATP) remaining in solution following a kinase reaction
using Kinase-Glo Luminescent Kinase Assay Kit (Promega, Fitchburg,
WI, USA). The assay was performed in 50 μL kinase reaction
volume containing 200 μg AgrC mutants and 5 μM ATP in assay buffer
consisting of 20 mM N-(2-hydroxyethyl)piperazine-N′-propane-
sulfonic acid (HEPES), pH 7.4, 10 mMMgCl2, 0.5% N,N-dimethyldode-
cylamine N-oxide (LDAO) (w/v), and 1 mM DTT. In addition, a site
speciﬁc mutation of the key histidine residue (H239N) of AgrC was
included. Negative controls were reaction mixtures without protein
kinase. The kinase reaction mixture was incubated for 15 min at
37 °C. Following incubation, 50 μL of ATP detection reagent was added
to the assay plates. The assay plates were then incubated at 37 °C for
10 min, and the relative light unit (RLU) signal was measured
using the Synergy 2 Multi-Mode Microplate Reader (BioTek, Winooski,
VT, USA). The luminescent signal is correlated with the amount of ATP
present and is inversely correlated with the amount of kinase activity.
3. Results
3.1. Prediction of AgrC topology model
Based on the published AgrC topology map (Fig. 1A) [12], the status
of transmembrane helices I–III, and N-terminal location have not been
resolved. In the absence of a three-dimensional structure for AgrC,
we analyzed the transmembrane topology using various programs
available through the internet. These programs included TMPred [27],
TMHMM 2.0 [28], TOPCONS [29], TopPred II [30], SOSUI [31], and
MEMSAT 2 [32,33]. Prediction performance during reassessment and
consensus prediction were mainly based on three attributes: (1) the
number of TMSs, (2) TMS-position, and (3) N-tail and C-tail locations
(cytoplasmor periplasm) [34]. Supplementary Table S3 shows the over-
all prediction performance of each of the six selected TM prediction
methods. By analyzing the prediction results, it is clear that there are
six or seven potential TMSs in the N-terminal domain (Fig. 1B and C).
Surprisingly, these prediction results were quite different from previ-
ously published topology maps [12,14,16]. We also found that the
locations of the ﬁnal four transmembrane helices were nearly identical
among these prediction methods. However, the prediction analyses
for the ﬁrst two to three TMSs (residues 1–78) differed greatly.
3.2. Transmembrane topology of AgrC by GFP fusions
The predicted transmembrane topology of AgrC was conﬁrmed by
construction of AgrC–GFP and GFP–AgrC fusions at various points in
the protein. PCR products of GFP with different primers were cloned
into the pET-28a-AgrC vector to create a series of agrC–gfp and gfp–
agrC fusion plasmids at the 12 sites indicated by the curves in Fig. 1C.
A total of 12 fusion plasmids were generated (Supplementary Fig. S1).
The whole-cell ﬂuorescence intensity of each strain expressing the
GFP fusion protein was measured (Fig. 2A). The location of the fusion
Fig. 1. Different AgrC membrane topology. (A) The topology map reported by Lina et al.
based on phoA fusions. (B) AgrC topology as predicted by the topology analysis programs
TMPred, TMHMM, and TopPred II. (C) AgrC topology as predicted by the topology analysis
programs TOPCONS, SOSUI, and MEMSAT 2. Locations of the GFP fusion points
are indicated. Asterisks indicate cysteine substitution resulting from site-directed
mutagenesis.
Fig. 2. Fluorescence analysis of cells expressing GFP–AgrC and AgrC–GFP fusion proteins.
(A) Whole-cell ﬂuorescence intensity from 200 μL cells overexpressing GFP–AgrC and
AgrC–GFP fusion proteins. The average value of three measurements is shown. Numbers
indicating the fusion sites refer to residue numbers in the sequence of AgrC. (B) Fluores-
cence analysis of cell membranes and the cytosol from cells expressing GFP–AgrC. Values
represent the mean ± S.D. of three independent experiments. Numbers indicating the
fusion sites refer to residue numbers in the sequence of AgrC. Mem: cell membranes;
Cyto: cytosol.
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rescence intensity. GFP-positive indicates that the GFP portion, the fu-
sion point of the protein, is in the cytoplasm, whereas GFP-negative
indicates that the fusion point is in the periplasm. The fusions Glu-2,
Asn-8, Lys-52, Ser-56, Ser-107, and Ser-173 failed to show any GFP ﬂuo-
rescence, suggesting that amino acid residues 2, 8, 52, 56, 107, and 173
were in the periplasm. The full-length AgrC–GFP fusion (Asn-430),
amino acid residues Ser-28, Ser-33, Ser-78, Ser-142, and Lys-206
showed a strong ﬂuorescence intensity, indicating that the C terminus
of AgrC and amino acid residues 28, 33, 78, 142, and 206 were in the
cytoplasm.
To conﬁrm that the N-terminal GFP fusion proteins are integrated
into the membrane and not mis-targeted to the cytosol, the cell mem-
branes (membrane proteins) and the cytosol (soluble proteins) were
separated by ultracentrifuge. Then the cell membranes containing
membrane proteins were resuspended and washed three times with
PBS buffer. Fluorescence of the same concentration of resuspended
cell membranes and soluble proteinswasmeasuredwith a ﬂuorescence
spectrophotometer. As shown in Fig. 2B, cell membranes of S28 and S33
fusions showed high ﬂuorescence intensity and soluble proteins
displayed no ﬂuorescence, indicating that the N-terminal fusion
proteins are integrated into the membrane and not mis-targeted to
the cytosol. In addition, expression of the fusion proteins in C43(DE3)
carrying the agrC–gfp or gfp–agrC fusion plasmid was evaluated by
Western blotting of cell membranes. The molecular weight of all the
fusion proteinswas not consistentwith the calculatedmolecularweight(Supplementary Fig. S2), which can be interpreted by the conservation
of the structure of the GFP fraction [35].
The ﬁnal four TMSs predicted by the models (Supplementary
Table S3) were conﬁrmed based on the GFP ﬂuorescence of Ser-78,
Ser-107, Ser-142, Ser-173 and K-206. The ﬁnal four TMSs, located at
residues 79–101, 110–132, 144–167, and 184–205, were evaluated.
For amino acid residues 1–78, the results of prediction and the original
AgrC topology map generated using PhoA fusions differed. The fusions
Ser-28 and Ser-33 showed obvious ﬂuorescence intensity, while the
fusions Glu-2, Asn-8, and Ser-56 displayed no ﬂuorescence, indicating
that the ﬁrst TMS contains 19 amino acid residues from Phe-9 to Ile-27
and the N-terminus is located in the periplasm. In contrast, Lina et al.
previously reported that the ﬁrst TMS is located outside of the cell
membrane. The fusions Ser-33, Lys-52, Ser-56, and Ser-78 were used
to establish the topological structure for TMS2: amino acid residues
35–51 and for TMS3: amino acid residues 57–72. The data was in agree-
ment with the model (as shown in Fig. 1C).
3.3. Functional characterization of AgrC cysteine substitution
Cysteine substitutions between Ser6 and Ser56 in AgrC may affect
the protein function to varying degrees. Therefore, the autokinase activ-
ity of cysteinemutants of AgrCwasmeasured. Additionally, a site specif-
ic mutation of the key histidine residue (H239N) of AgrC was included
Fig. 3.Assessment of kinase activities of single-cysteine-substituted AgrC variants generated
for topological studies. Data for eachmutant are expressed as relative light unit (RLU). Values
represent the mean ± S.D. of three independent experiments. P b 0.001.
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cysteine substitutions had little effect on the kinase activity of AgrC
and kinase reaction had high speciﬁcity. Next, TMSs I, II and III were
determined by SCAM.
3.4. Determination of topology for TMSs by SCAM
First, SCAM studies were carried out using the native cysteine
residues C84 and C371. Cells were treated with 5-IAF for extracellular
cysteine labeling. Following puriﬁcation,ﬂuorescence of the 5-IAF label-
ing was not detected, suggesting that C84 and C371were located either
in the TMSs or in the cytoplasm (not shown). K-206 and N-430 areFig. 4.Mapping AgrC topology in E. coli using SCAM. (A) Cells expressing the Cys variant of the
Following partial puriﬁcation, the proteinswere analyzedby SDS-PAGE (see theMaterials andm
same part of the gel was immunoblotted with anti-His-HRP to detect AgrC. CBB, same part of th
AgrC. The positions of the seven TMSs of the protein as predicted by prediction algorithms and
omitted.inside, which means that C371 was located in the cytoplasm. Since the
fourth TMS includes amino acids 79–101, it is reasonable to determine
that C84 is buried in the membrane. To further establish the topological
structure of residues 1–78, six cysteine substitutions (S6C, N8C, S28C,
S33C,M53C, and S56C)were engineered into AgrC.We targeted neutral
residues whose substitutions would be less likely to interfere with AgrC
structure. In presenting the SCAM ﬁndings on AgrC, the results from
the experiments in E. coli are described (Fig. 4A). Residues near the
N-terminus (S6C and N8C) reacted with both low and high concen-
trations of 5-IAF, indicating that this region is located outside of the
cell. The next two residues (S28C and S33C) failed to label with 5-IAF,
indicating these residues are located in the cytoplasm. The residues
M53C and S56C all reacted with low and high concentrations of 5-IAF,
suggesting an extracellular location.
Based on the results of the SCAMandGFP fusion analysis, we created
a hypothetical AgrC topology map (Fig. 4B). Overall, the model depicts
AgrC as containing seven TMSs. The six selected transmembrane analy-
sis programswere used as a guide to assign the lengths of the individual
TMS regions. Beginningwith the N-terminus,we oriented AgrC residues
1–8 outside the cell. Next, we depicted residues 9–27 as a TMS (out-to-
in) and residues 28–34 as an intracellular loop. SCAM ﬁndings are in
agreement with GFP fusions. To orient the remaining AgrC protein
topology, we relied on the striking extracellular labeling of residues
M53C and S56C, coupled with the N-terminus GFP fusion of AgrC K52
and S56. Using these key features, residues 35–51 (in-to-out) and
57–72 (out-to-in) were depicted as TMSs as predicted by TOPCONS,
SOSUI, and MEMSAT 2 analysis. Next, the residues from 52 to 56 were
oriented as an extracellular loop based on the M53C and S56C.
Finally, we have oriented residues 79–101 (in-to-out), residues
110–132 (out-to-in), residues 144–167 (in-to-out), residues 184–205
(out-to-in) as transmembrane regions, 102–109, 168–183 as a short
extracellular loop, and 206–end as an intracellular exposed tail. This
representation was based on SCAM and GFP fusion results.full-length proteins as indicated were treated with 100 μM and 500 μM 5-IAF for 20 min.
ethods section). F,ﬂuorescence image of thepart of the gel containing theprotein;WB, the
e gel was stainedwith Coomassie brilliant blue. (B) Proposed transmembrane topology of
as established based on GFP fusion and SCAM results are shown. Part of the cytoplasm is
992 L. Wang et al. / Biochimica et Biophysica Acta 1838 (2014) 988–9934. Discussion
The S. aureus histidine kinase AgrC is well-recognized as a critical
receptor protein of signal recognition and transmission with numerous
studies focusing on AIP–AgrC interaction sites. In contrast, comparative-
ly few reports have been conducted to determine the topology of AgrC.
In this study, we utilized GFP fusion and SCAM to deﬁne membrane
protein AgrC topology, which is useful for identifying the orientation,
number, and size of TMSs.
The results of GFP fusions reveal the presence of seven TMSs, which
agrees with the results of TOPCONS, SOSUI, and MEMSAT 2 analysis.
Surprisingly, the result for the seven TMSs was quite different from
the published topology maps (compare Fig. 1A, B, and C). Most notably,
the N-terminus (residues 1–8) was oriented toward the outside of the
cell and the residues 9–27 were adjusted as the ﬁrst TMS (out-to-in),
resulting in seven predicted TMSs rather than the reported ﬁve or six.
GFP fusion technology has been widely used to determine the topology
of integral membrane proteins, since the technology can rapidly and
efﬁciently monitor the N-terminal or C-terminal of membrane protein
overexpression in the periplasmic space or the cytoplasm. However, it
has also suffered widespread criticism focusing on the use of truncated
N-terminal fragments to determine the localization of internal sequence
positions in the sequence [36], since the presence of the GFP at a protein
N-terminus may lead to structural alterations.
As shown in Fig. 2A, after deletion of the ﬁrst and ﬁrst two
TMSs at the N-terminus, the expression level of the membrane
protein was improved due to reduction of the transmembrane helices.
Generally, the more transmembrane domains, the more difﬁcult it is
to express membrane protein. Deletion of the ﬁrst and ﬁrst two TMSs
at the N-terminus does not interfere with the topology, we thought
the cause might be associated with the mechanism of membrane
protein insertion. There are a lot of views about the mechanism of
membrane protein insertion [37–40]. However, it's not known how an
N-terminal GFP fusion can insert into the cell membrane.
To precisely determine AgrC topology, we further evaluate the AgrC
membrane topology using SCAM. The advantage of SCAM is that protein
structural integrity is maintained, which is very helpful for elucidating
membrane topology questions. 5-IAF labeling of the residues (S6C,
N8C, S28C, S33C,M53C, and S56C) at the cytoplasmicmembrane border
of TMSs I–III was very successful for deﬁning the border at the residue
level. Cysteine mutants showed full kinase activity (Fig. 3), further
conﬁrming that sufﬁcient amounts of these mutants were correctly
folded and targeted to the plasma membrane. SCAM, as a high-
resolution and less invasive approach, provides a very accurate analysis
of the residues in and around the membrane border. In future, this
analysis can be combined with structural predictions or additional
structural analysis, such X-ray crystallography or nuclear magnetic res-
onance, to provide an accurate topological map of membrane proteins.
Our interpretation of the GFP fusions and SCAM results led to the
revision of the previously proposed AgrC topology, conﬁrming that
there are seven TMSs, with the N-terminus located on the outside
of the cell, and C-terminus located inside of the cell (Fig. 4B). A new
AgrC topologymapwas presented, whichmay facilitate ongoing efforts
to understand AgrC function and signal transduction mechanisms. This
is theﬁrst report of using theGFP fusion and SCAM to assess AgrCmem-
brane topology. Finally, an accurate understanding of AgrC topology
may be exploited in attempts to develop novel agents against virulence
of S. aureus virulence.
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